Common bean (Phaseolus vulgaris L.) is an important legume in the tropics, with production limited by low availability of soil phosphorus (P). An experiment was conducted in the glasshouse to evaluate P use efficiency of eight dry bean genotypes (G122, Montcalm, Taylor Horticulture, Cardinal, Bukoba, Kijivu, Rojo and CAL 143) of Andean origin. The treatments included: no P (0 kg P ha −1 ), normal P (50 kg P ha −1 ), and high P (100 kg P ha −1
Introduction
Phosphorus (P) deficiency contributes to reduced yield potential of dry bean (Phaseolus vulgaris L.). The most pronounced effect of P deficiency on plant growth is reduced leaf size, and increased root growth [1] . Accordingly, phosphorus deficiency in dry bean decreases shoot to root biomass ratio but has no effect on the rate of photosynthesis per unit leaf area [2] .
Often P is limiting in tropical soils due to low pH of the soils and high P fixation capacity. Correcting P deficiency is possible through organic or inorganic fertilizer inputs [3] . While applying inorganic fertilizers at low rates can be cost-effective, crop response is often hampered by high P fixation in the soil.
Applying rates of inorganic P fertilizers below the crop requirement will contribute to the continuous depletion of soil P [3] . Large application of P fertilizer may be used to circumvent soil depletion but is less effective in tropical soils with low pH where it is immobile nor is it affordable for subsistence farmers.
Therefore, soil P management is important to insure its availability to crop plants without depleting it from the soil [4] .
Several studies indicate that there is variation in P acquisition efficiency (PAE) and P use efficiency (PUE) among dry bean genotypes and that the heritability for seed yield under low P supply is high [5] [6] [7] . It is important to understand the mechanisms and genetic control of PAE and PUE in dry bean to facilitate breeding for low P tolerance [8] . PAE is the ability of a plant to absorb P from the soil, whereas PUE refers to the plant's ability to make use of the acquired P to produce yield [9] [10] . The genetic control of PUE is complicated because P is involved in several processes of plant metabolism [11] . Depending on P availability in the soil, any plant morphological or physiological mechanisms which enhance P uptake, mobilization, and utilization by the plant will enhance plant tolerance to low P soils. According to [12] there is variation among dry bean genotypes for PAE and PUE, but PAE is more important for agronomic traits performance. In Ref [13] it reported P-efficient genotypes to have vigorous bean root system. Improved dry bean cultivars with tolerance to low P soils may be a viable option to small-scale farmers in the tropics. Alternatively, dry bean cultivars with high PUE will compliment low soil P fertilization by low resource farmers, with minimal access to inorganic P fertilizers. High yielding dry bean cultivars that are tolerant to low P are not currently available to farmers. There is a need to further identify and characterize dry bean accessions with tolerance to low P soils. Our objective was to characterize the effect of phosphorus level on vegetative plant growth and phosphorus uptake under limiting soil phosphorus for eight diverse dry bean genotypes. The genotypes are large seeded materials rep- 
Materials and Methods

Genetic Materials
Eight large-seeded Andean dry bean genotypes ( The experiments were conducted in the USDA-ARS glasshouse at Prosser, Washington. Sunshine mix (American Horticultural Supply, Inc., Oxnard, CA, USA), used as the growing media, was analyzed for P content prior to the experiment to determine suitability for the study. The P content was 0.40 g kg −1 , based on the weak acids P extraction method used (Bray-1 designed for non-calcareous soils). This value is low and determined to be in an inorganic form unavailable for plant use [19] . The clay pots (20 cm diameter by 19 cm depth) were filled with sunshine mix, different MAP rates were incorporated in the sunshine mix of individual pots prior to planting. The three mono-ammonium phosphate (MAP) fertilizer rates were 0 kg P ha −1 (0 ppm), 50 kg P ha −1 (22.5 ppm) and 100 kg P ha −1 (45 ppm).
Three bean seeds of an individual genotype were planted per pot and later thinned to a single plant per pot about 10 days after planting. Watering was done daily but no additional fertilizers were applied for the duration of the experiment. The day temperature varied between 25˚C -28˚C and night temperature was 23˚C, with a 14 h day light provided by supplementing natural light with artificial lights.
The experimental design was a RCBD with four replications. The first experiment, with 96 pots (8 genotypes × 3 P levels × 4 reps) was harvested at flowering maturity and revealed genotypic differences for different traits. It might be interesting to evaluate shoot, root and seed P as well. Thus, a second experiment was conducted and expanded to 192 pots to include two harvests one at flowering maturity and another at plant maturity (8 genotypes × 3 P levels × 4 replications × two harvests). This second experiment with the two harvest dates was conducted twice to confirm the findings. So, in effect one partial (Experiment 1) and two full experiments (Experiments 2 and 3) were conducted.
The plants from all the pots in experiment 1 and half the pots in experiments 2 and 3 were harvested at flowering maturity. The plant shoots and roots were collected separately, oven dried for 48 h at 75˚C, and then weighed for biomass (g) on an individual plant basis. The root samples were separated from the growing media by rinsing them with tap water and then patting them dry with paper towels. The dry seed was harvested from the remaining pots in experiments 2 and 3 at harvest maturity. The dried shoot, root and seed samples were ground using a Wiley mill (Thomas Scientific; Swedesboro, NJ, USA) to pass a 1 mm sieve. The internal P concentration (ppm) of the ground tissues (0.5 g) was determined by inductively coupled plasma mass spectrometry (ICP-MS) using analysis of a nitric acid digest [20] . Shoot P (mg) was calculated as the product of the shoot biomass (g) and shoot P (mg g 1 ; Y = mean shoot biomass of the low P treatment for all genotypes; X 1 = mean shoot biomass of the normal P treatment for genotype 1 ; and X = mean shoot biomass of the normal P treatment for all genotypes. Genotype P-use efficiency (PUE) was calculated as biomass yield divided by tissue P concentration at a given P rate in the growth media [21] [22], given by; PUE = Y 1 /P 1 , where, Y 1 = Biomass yield on P level 1 (g) and P 1 = P concentration on P level 1 .
Data Analysis
An ANOVA combining data across experiments was used for all measured traits using proc GLM procedure in SAS version 9.4 (2002-2012) SAS Institute, Cary, NC). A test of hypotheses for mixed model analysis of variance was performed in which replication was considered random while genotypes and treatments (fertilizer rates) were considered fixed. Mean separation was performed using Tukey (P ≤ 0.05). Simple phenotypic correlations were computed among the different trait means for the genotypes in the no P treatment using PROC CORR in SAS.
Results
Phosphorous Response and Genotypic Variability
There were significant (P ≤ 0.05) genotype and treatment effects for all traits measured except genotype for root-P (Table 2) . A significant genotype × treatment Genotypes × Exp × Treatments 14 111
*, **, and *** represents significance at 0.5, 0.01, and 0.001 levels of probability respectively. Treatments = phosphorous levels.
effect was only observed for shoot biomass. There were significant genotype × experiment interactions for root biomass, shoot-P and seed-P, and treatment × experiment interactions for shoot biomass, root biomass shoot-P and for root-P, but these interactions were due more to differences in magnitude than crossover events. Thus, results focus on examining the significant genotypic, treatment, and genotype × treatment effects across experiments.
In a combined analysis across treatments and experiments, Montcalm had the highest mean value for shoot biomass while CAL 143 had the lowest. No significant differences were observed among genotypes for root biomass. For shoot-P Thort had the highest mean value while Bukoba had the lowest, root-P did not show any significant differences among genotypes. Thort had the highest value for seed-P while CAL 143 and Kijivu had the lowest. G122 had the highest mean seed yield while Rojo had the lowest (Table 3) .
Reduced P fertilizer rate (0 applied) resulted in reduced shoot biomass, root biomass, shoot-P, root-P, seed-P and seed yield ( Figure 1 ). There was variation between the highest fertilizer treatment 100 (kg P ha
) with the no P treatment for all traits measured. The greatest effect was between 0 and 50 with little to no difference between 50 to 100 for shoot biomass, seed yield and seed-P. These results indicate that dry beans are not responsive to more fertilizer P application at higher level of P in the soil [23] [24].
Variations have been observed among genotypes and between fertilizer rates for shoot biomass, shoot P and root P (Table 4) . Overall shoot biomass was the lowest in the no P treatment compared to 50 and 100 kg P ha −1 treatments. For the no P treatment, the genotypes Montcalm, Bukoba and Kijivu had the highest value for shoot biomass while G122 had the lowest. No significant differences Table 3 . Means across treatments and experiments for shoot biomass, root biomass, shoot P, root P, seed P and seed yield. ) combined across eight genotypes and three different greenhouse experiments for shoot biomass, root biomass, shoot P, root P, and two of the three experiments for seed yield, and seed P.
were derived among genotypes and between treatments, for root biomass. For shoot P, variation was observed among genotypes and treatments. In the no P treatment, Cardinal had the highest value for shoot P while Bukoba has the lowest. Similarly, variations were observed among genotypes and between treatments for root P. In the no P treatment CAL 143 had the highest value for root P while Kijivu had the lowest value. For seed P except for CAL 143 in the no P treatment which significantly differed with Taylor Hort in the 50 and 100 kg P ha −1 , all other genotypes and treatments did not differ significantly. For seed yield G122 in the 100 kg P ha −1 differed from Montcalm, Cardinal, Bukoba and CAL 143 in the no P treatment. No other significant differences were observed among genotypes within and between treatments (Table 4) .
To examine the genotypic effect in different soil treatments, the PSI and PUE values were computed (Table 5 and Table 6 ).
Shoot Biomass
It has been reported that shoot biomass in dry beans will increase with an increase in soil P levels [25] . Mean separation among fertilizer treatments shows Figure 1 ). Shoot biomass was consistently low when no P was added, and the genotypes G122, CAL 143, Cardinal and Rojo were more susceptible to P deficiency as indicated by significantly lower shoot biomass in no P treatment than in 50 kg P ha −1 and 100 kg P ha −1 P treatments (Table 4) . Table 4 . Means for eight bean genotypes grown under three different fertilizer rates (0, 50, and 100 kg P ha −1 ) for shoot biomass, root biomass, shoot P, and root P (across three experiments), and seed P and seed yield (across two experiments). Means followed by the same or no letter within the same column are not significantly different (P = 0.05) Tukey comparisons of mean. Table 5 . Phosphorus susceptibility index for shoot biomass (g), and shoot to root biomass ratios for eight bean genotypes grown in three different P fertilizer rates (low = 0, normal = 50, and high = 100 kg P ha −1 ). 
Phosphorus Susceptibility Index (PSI)
The PSI calculations for each genotype are presented in Table 4 that G122, Cardinal and Rojo were more susceptible to P deficiencies.
The genotype Bukoba had the lowest PSI value of 0.49, suggesting that this genotype may be more tolerant to low P deficiency. Montcalm, Kijivu, CAL143
and Taylor Horticulture have PSI values between 0 and 1.1 indicating moderate to high tolerance to P deficiency.
Root Biomass; Shoot:Root Ratios
The no-P treatment had lower root biomass compared to normal and high P treatments ( Figure 1 ). The results for shoot:root ratios are presented in Table 5 .
We expected the ratio to be higher in low P treatment compared to high P treatment. These results follow the trend for the two genotypes Rojo and Bukoba. For all other genotypes the ratio is higher in the normal P treatment (50 kg P ha −1 ) compared to the low (no-P) and high P treatment (100 kg P ha −1 ). We speculate that there might be an enhanced root growth response when there was sufficient P compared to limited or excess P conditions.
Tissue P Concentration
Tissue P concentrations allow the identification of P tolerant genotypes with higher PUE. A genotype that maximizes shoot dry matter while retaining P is a desired one, because the P retained within the plant can be translocated for seed production. Thus, it was expected that plants with high tissue P before flowering may have the highest seed production and seeds with higher P because more P is available from the vegetative tissue to be mobilized for seed production. Shoot P concentrations increased with the increasing applied P. The results for P concentration (mg kg −1 ) and P content (mg) are shown in Table 5 .
Shoot P concentration
For the no P treatment, Cardinal had the highest shoot P concentration of 119 mg kg −1 while Bukoba had the lowest value of 85 mg kg −1
. In the high P treatment (100 kg P ha −1 ), Thort had the highest value of 299 mg kg −1 and Bukoba had the lowest value of 237 mg kg −1 (Table 3 ). All plants under the 50 kg ha −1 P treatment doubled the amount of tissue P relative to plants under the no-P treatment that was not reflected in shoot biomass.
Shoot P concentrations are known to decrease with increasing nutrient deficiency and crop age [27] . The percent P in shoots (g P 100 g shoot tissue −1 ) for optimal growth is considered to be in the range of 0.3 -0.5 g P 100 g shoot tissue −1 during vegetative growth [28] . A 1 g P 100 g shoot tissue −1 concentration or higher is considered toxic for plant metabolism. However, this value depends on the crop in question. Most tropical legumes are very sensitive to excess P, as toxicity may occur at much lower levels of P in the shoot, for example toxicity may occur at 0.3% -0.4% in pigeon pea [11] . Conversely, with decreasing P supply, P concentrations in shoots exhibited severe P deficiency ( Table 5 ). The range of mean shoot P concentrations under the no P treatment across varieties ranged from 79.16 mg kg −1 for Bukoba to 112.38 mg kg −1 for Thort, which are equivalent to 0.0008 to 0.0011 g P 100 g shoot tissue −1 respectively. These levels indicate that all genotypes in the no P treatment had severe deficient shoot P content compared to the genotypes amended with 50 and 100 kg P ha −1 .
Root P Concentration
Cardinal had the highest root P concentration of 183 mg kg −1 while Kijivu had the lowest value of 129 mg kg −1 under the no P treatment. In the 50 kg P ha . These results indicate that shoot internal P and, root internal P concentrations doubled the amount of tissue P in 50 kg ha −1 P treatments compared to the no P treatment (Table 3) .
Seed P Concentration
Considering the no P treatment, the genotype Cardinal had higher value for seed P content while CAL 143 had the lowest value. Results suggest that the high value of seed P for Cardinal may confer an early vigor growth advantage. This early vigor may continue to have a positive effect in later stages as a variety experiences P-deficiency stress.
Seed Yield
Genotypes response to different P treatments depends on genetic makeup and the level of stress imposed. Kijivu had the highest seed yield under no P treatment followed by G122 and Taylor Horticulture. Although not in the same order, the same three genotypes are among the highest yielding in the normal P treatment (50 kg P ha −1 ). Overall seed yield was lower in no P treatment compared to the normal and high P treatments (Figure 1 ).
Phosphorus Use Efficiency (PUE)
Results for PUE are presented in Table 6 . PUE was calculated as the mean shoot biomass (g) divided by the mean tissue P (mg). A high PUE score reflects a high shoot biomass obtained by remobilizing a high proportion of P. Considering that tissue P content is later translocated for seed production, a high PUE may or may not be desired for the sake of seed production.
Results show that when no P is added, the genotype Bukoba had the highest PUE while Thort, G122 and Cardinal had the lowest. Under 50 kg ha −1 P treatments, Montcalm exhibited the highest PUE while Thort had the lowest. The (Table 6 ).
Correlation Study
Pearson correlation analysis was used to identify relationships among traits in the no P treatment (Table 7) . A significant correlation at P ≤ 0.001 was observed for shoot biomass to PUE, and mean seed yield to mean seed P, suggesting that genotypes with high shoot biomass can utilize P efficiently when this nutrient element is limited. Other traits with significant correlations at P ≤ 0.01 include shoot biomass and root biomass, shoot biomass and shoot P, and shoot P to root P concentration, which indicated that shoot and root biomass and internal P concentrations are associated when beans were grown in P deficient soils.
Results showed a significant correlation at P ≤ 0.05 for several traits: root biomass to PUE, root biomass to shoot P, root biomass to root P, seed P to shoot P, PUE to shoot P and shoot P to root P; suggesting a high root biomass was advantageous as there would be greater root surface area during development that leads to higher P uptake, as represented by high shoot P and root P. A significant and negative correlation at P ≤ 0.01 was observed for the following traits: shoot biomass to PSI shoot, root biomass to PSI shoot, root biomass to PSI root, shoot P concentration to PUE, PUE to PSI shoot, PSI shoot to shoot P and PSI root to root P. These traits negatively correlated with PSI because lower PSI values indicate greater tolerance to P-deficiency. Shoot P concentration and PSI shoot were correlated negatively to PUE, suggesting these two traits are associated with P-deficiency tolerance. The negative correlation between shoot P concentration and PUE occurs because shoot P concentration is used to calculate shoot P which is then used to calculate PUE.
Discussion
The genotypes used in this study showed variability for shoot biomass, root biomass, shoot P, root P, seed P, and seed yield in response to P levels. This variability for the above traits indicated differences among genotypes in response to phosphorus availability and supports the importance of P as a nutrient for common bean production [29] . Among other traits, shoot and root biomass were correlated with PUE in this study and are important traits for low P tolerance evaluation in common beans [30] . Shoot-P, root-P, and seed-P are good indicators of P acquisition efficiency (PAE). The variations observed for shoot-P, root-P and seed-P indicated the genotypes differed in their ability to acquire P in the soils of varying levels of P. Variations observed for root biomass indicated limited soil P modified root architecture [31] . When plants are exposed to P-deficiency, plants start to partition photosynthates to the roots, and a decrease in shoot:root biomass ratios occurs [32] . From our results, shoot biomass was positively correlated to root biomass, shoot-P and PUE indicating that shoot biomass is an important trait for adaptation to low P availability. As shoot biomass increases, the root biomass also increases promoting more roots for soil exploration and thus more P uptake [33] [34]. However, the shoot:root ratio in this study was likely confounded by limited root growth due to pot size or other mechanisms important for conferring tolerance to P-deficiency in beans besides increasing root production. To improve internal P utilization efficiency, it is crucial to increase shoot biomass production per unit of P in shoots referred to as PUE. Higher PUE is important for bean production under low soil P. PUE was positively correlated with shoot biomass, root biomass and shoot P, and it was negatively correlated with shoot P concentration suggesting that when more P is available in the system the less efficient the genotype will be. For the low P treatment, Bukoba, Montcalm and Kijivu had the highest PUE scores indicating these genotypes were efficient in utilizing P for shoot biomass growth, and may be useful for breeding elite bean varieties tolerant to soil P deficiency in the future.
Conclusion
There was variation in response to low P availability among genotypes. Genotypes with high PUE, shoot and root biomass under limited P supply are desired, given they translocate P toward seed production. Some genotypes exhibited some of these qualities but not all of them. Montcalm responded well to added P and was more efficient in acquisition and utilization of P under P limited conditions. Conversely, G122 was the least efficient. Bukoba had high PUE but low internal P concentrations in the roots and shoots. Interestingly, both landrace cultivars Kijivu and Bukoba, repeatedly exposed to low P conditions in Tanza-E. Mndolwa et al.
